The efficacy of treating atrial fibrillation by RF ablation on the epicardial surface is currently under question due to the presence of epicardial adipose tissue interposed between the ablation electrode and target site (atrial wall). The problem is probably caused by the electrical conductivity of the fat (0.02 S/m) being lower than that of the atrial tissue (0.4-0.6 S/m). Since our objective is to improve epicardial RF ablation techniques, we planned a study based on a twodimensional mathematical model including an active electrode, a fragment of epicardial fat over a fragment of atrial tissue, and a section of atrium with circulating blood. Different procedures for applying RF power were studied, such as varying the frequency, using a cooled instead of a dry electrode, and different modes of controlling RF power (constant current, temperature and voltage) for different values of epicardial fat thickness. In general, the results showed that the epicardial fat layer seriously impedes the passage of RF current, thus reducing the effectiveness of atrial wall RF ablation.
INTRODUCTION
Radiofrequency (RF) currents have been employed in many surgical and therapeutic procedures, such as atrial fibrillation (AF), a common arrhythmia and a significant public health problem for its clinical prevalence and morbidmortality. The prevalence of AF increases with age and reaches almost 5% of the population over 69 and 8% of those over 80 [1] . Data from the Framingham heart study show that AF is associated with a 1.5 to 1.9-fold higher death risk and may be associated with thromboembolic stroke [2, 3] .
The use of surgical ablation for atrial fibrillation (AF) is on the increase in spite of the lack of knowledge of the mechanisms involved. The atrial myocardium needs to be ablated in order to restore sinus rhythm. The effectiveness of surgical ablation in this intervention is 70-80% independent of the kind of energy used [4] [5] [6] . Early post-ablation recurrence of the arrhythmia probably depends on lesion transmurality [7] , and the existence of epicardial fat [8] . Histological analysis of surgical lesions has shown 25-30% non transmurals lesions [9] [10] [11] .
The efficacy of standard RF ablation on the epicardial surface is uncertain due to the varying presence of epicardial adipose tissue interposed between the ablation electrode and target site, i.e. the atrial wall (see Fig. 1 ) [12, 13] . This is probably caused by the electrical conductivity of the fat (0.02 S/m) being lower than that of atrial tissue (0.4-0.6 S/m).
In order to achieve optimum epicardial ablation of atrial tissue under a layer of fat, different types of energy are currently being researched, such as high intensity focused ultrasound (HIFU) [14] , microwave [15] , laser [12] and cryoablation [16] . As we considered that this issue has not been sufficiently studied, we designed a computer modeling study of the effect of different electrode designs and protocols for delivering RF power [17] to assess the capacity of different techniques to ablate atrial tissue in the presence of epicardial fat. We first studied the effect of using different frequencies with a standard 4 mm 7-Fr electrode. A previous experimental study had reported that a frequency of 2 MHz resulted in a 22% increase in lesion depth when compared to a frequency of 100 kHz [18] . We then assessed the effect of the RF ablation mode (voltage, current and temperature constant). Finally, taking into account that previous experimental studies have shown that an internally cooled electrode (also known as a cooled-tip electrode) can generate epicardial lesions more efficiently than standard electrodes in zones with overlying epicardial fat [19] , we also included this kind of electrode in the study. 
METHODS

Description of the Theoretical Model
Although different RF electrode geometries have been proposed for epicardial RF ablation of atrial tissue [13, 20] , we simplified the physical situation of the study by using a 4 mm long active electrode with a 3-mm-diameter hemispherical tip. The electrode contacted the tissue at an angle of 90º and hence presented axisymmetric characteristics and a two-dimensional approach could be used. Fig. (2) shows the proposed theoretical model, which shows the active (stainless steel) electrode with a section of plastic (polyurethane) probe, a fragment of epicardial fat over a fragment of atrial tissue, and a section of atrium with circulating blood. The active electrode is inserted in the fat layer to a depth of 1.5 mm (corresponding to the electrode radius). The value of the model parameters Z and R were calculated by means of a sensitivity analysis in order to avoid boundary effects. Fig. (2) . Two-dimensional theoretical model proposed (out of scale). Z and R: outer dimensions of the model; C: atrial wall thickness; F: epicardial fat thickness. h EPI-A is the thermal transfer coefficient at the epicardium-ambient and electrode-ambient interfaces, while h EN-B is the thermal transfer coefficient at the endocardium-blood interface. Depth (D) and width (W) of the lesion were assessed using the 50ºC isotherm.
Governing Equations
Temperature (T) in the tissue was obtained by solving the Bioheat Equation, which governs thermal phenomena during therapeutic heating of biological tissues:
where , c and k are respectively the density, specific heat and thermal conductivity of the tissue. The term Q p corresponds with the heat loss caused by blood perfusion; and Q m models the metabolic heat generation. This last term is always ignored in RF ablation modeling since it has been shown to be insignificant. It has also been shown that the Q p term can be ignored in the case of cardiac ablation [21] . Finally, q is the heat source generated by RF power. In RF ablation, this term is related with electrical power density P (W/m 3 ), which is in general a complex number given by [22] :
where is electrical conductivity (S/m), is permittivity (F/m), and |E| is the magnitude of the vector electric field (V/m). The value of this vector is evaluated from = E where is the voltage (V). The voltage is obtained by using Laplace's equation:
Only the real part of power density, i.e. Re{P} contributes to the heating of the tissue, i.e. Re{P} = q. However, the permittivity has in fact a real (non-dissipative) and an imaginary (dissipative) part, i.e.
= ' -j ". Consequently:
where is angular frequency (s -1 ). The term 2 | | E represents the heat resulting from dissipation due to convection currents (translational motion of ions), while the term 2 | | " E represents the heat from dissipation due to irreversible rotation and vibration of bound charge carriers [22] .
At the ablation frequencies considered in this study (100-10,000 kHz) and over the distance of interest (electrical power is deposited within a small radius around the active electrode) the biological medium can be considered totally resistive since the displacement currents can be neglected. A quasistatic approach was therefore possible to solve the electrical problem [23] .
The ANSYS program (ANSYS, Canonsburg, PA, USA) was used for the creation of Finite Element Models (FEM) and for solving the above equations by computer simulations. We used the PLANE67 elements (linear isoparametric type), which allow the coupled thermalelectric problem to be solved, where the electrical problem involves a DC (direct-current) problem. This means that the electrical variables in the model (voltage and current) are DC values, and hence they correspond with the root-mean-square value of the RF signal. Table 1 shows the thermal and electrical characteristics of the model elements. In order to model the use of different frequencies, we considered the values of electrical conductivity reported in the literature for three frequencies: 100 kHz, 1 MHz, and 10 MHz. Although a previous modeling study on hepatic RF ablation considered a frequency value of 10 kHz [24] , this value is too low for RF cardiac ablation, due to the possibility of electrical stimulation. In fact, in an experimental study, a 20 kHz current induced ventricular fibrillation [18] . Since no difference between and " is made in the literature, we assume that the value of reported electrical conductivity includes both mentioned phenomena, and hence corresponds with an effective value effective = + ". In addition, we considered a change of +2%/ºC. The values shown in Table  1 are effective values [8, 25] . In order to assess the effect of the epicardial fat layer on each ablation mode and electrode design, our study considered four values of fat thickness between 2 and 5 mm. The thickness of the atrial wall was considered to be fixed at 3 mm.
CHARACTERISTICS OF MODEL ELEMENTS
Boundary and Initial Conditions
In all FEM problems the boundary conditions must be defined. Regarding the electrical boundary conditions, null electrical current (Neumann boundary condition) was used at the symmetry axis, and also on the tissue-ambient and device-ambient interfaces. The electrical boundary conditions on the active and dispersive electrodes depend on the ablation mode considered and hence are described in the following section.
Regarding thermal boundary conditions, null thermal flux was used at the symmetry axis (Neumann boundary condition). The temperature values of surfaces at a distance from the active electrode were fixed by using Dirichlet boundary conditions. We assumed a value of 20ºC in the upper limit of the probe and 36ºC on the dispersive electrodes (see Fig. 2 ).
The effect of free thermal convection in the epicardiumambient and electrode-ambient interfaces was taken into account using a boundary thermal condition based on Newton's cooling law, which uses a convective heat transfer coefficient (h EPI-A ) of 20 W/m 2 K. The ambient temperature was considered to be 21ºC. The effect of forced heat convection in the endocardium-blood was likewise taken into account using a thermal transfer coefficient (h EN-B ) of 1770 W/m 2 K [26] . The blood circulating inside the atrium was considered to be at 36ºC. The initial temperature was 36ºC for the entire model.
Construction of the Numerical Model
The dimensions R and Z (see Fig. 2 ) were calculated by means of a sensitivity analysis in order to avoid boundary effects. A convergence test was performed to obtain the adequate spatial and temporal resolution. The value of the maximal temperature achieved in the tissue (T max ) after 60 s of RF heating was used as a control parameter in these sensitivity and convergence tests.
Spatial resolution was heterogeneous. We used the criterion that the finest zone was always the electrode-tissue interface, since it is known that this zone has the largest voltage gradient and hence the maximum current density value. In the tissue, grid size was increased gradually with distance from the interface. A tentative spatial and temporal resolution was considered first. We then conducted a computer analysis to determine the appropriate values of R and Z (see Fig. 2 ). These simulations were made by increasing the value of the three parameters by equal amounts. When there was a difference of less than 0.5% between T max and the same parameter in the previous simulation, we considered the former values to be adequate. Finally, we performed convergence tests to determine adequate spatial and temporal resolution. Spatial resolution was achieved by refining the mesh near the blade so that T max was within 0.5% of the value obtained from the previous refinement step. With an adequate spatial resolution achieved, we decreased the time step until T max was within 0.5% of the value obtained from the last time step.
RF power was chosen for the study in order to avoid T max going above 100ºC, since no experimental data have been reported dealing with the thermal and electrical characteristics of tissue above this temperature. We then analyzed the voltage and temperature distributions in the tissue using the 50ºC isotherm as thermal lesion boundary.
Modeling the RF Ablation Mode
Three modes of delivering RF power were considered: constant voltage, current and temperature. All the simulations lasted for 60 s. In the constant voltage mode, the electrical potential was fixed on the active electrode a value of 30 V (root-mean-square value of the RF applied voltage), while the potential in the dispersive electrode was fixed at zero volts. In the constant current mode, a current of 12 mA was injected into a node of the active, and the same value was drained from a node on the dispersive electrode. Finally, in the constant temperature mode, the value of the electrical voltage on the active electrode was modulated during heating in order to maintain the center of the active electrode at a temperature of 70±2ºC (sampled each 5 s). This was done by means of a trial-and-error method such as employed by Jain and Wolf [27] .
Modeling the Ablation with a Cooled Electrode
Thermal cooling by the saline circulating (coolant) inside the electrode tip was modeled by means of a boundary thermal condition based on Newton's cooling law, and by considering a pre-cooling period, i.e. a previous period without applying RF power, as is employed clinically [19] . Previous modeling studies on RF cardiac ablation with cooled electrodes had set surface temperature at the coolant temperature (i.e. Dirichlet boundary condition) [28, 29] . However, recent results have suggested that the modeling of RF cooled electrodes should consider a boundary condition based on Newton's cooling law rather than a Dirichlet condition [30] . Since the objective of our study was not to assess the effect of the flow rate of the coolant, we assumed a fixed value of 2000 W/m 2 K and a coolant temperature value of 20ºC. In the cooled electrode, we modeled a constant voltage ablation by using the above described electrical boundary conditions.
RESULTS
Construction of the Model
Optimum outer dimensions were R = Z = 30 mm. The convergence test provided a grid size of 0.075 mm in the finest zone (fat-active electrode interface), and a step time of 0.5 s during the first 10 s and 1 s for the remaining time. We also checked the grid size away from the electrode. The finite-element model had nearly 4042 nodes and used over 7754 triangular elements. 
Effect of Frequency for the Dry Electrode Case
Tables 2 to 4 show the results of the computer simulations for the dry electrode and for three modes of controlling RF power (constant voltage, temperature and current) when frequency is changed between 100 kHz and 10 MHz. In the case of constant voltage (see Table 2 ), we observed that the increase of frequency involved higher T max . Moreover, this behavior was more noticeable for a thinner atrial wall: T max increased from 76.91 to 92.59ºC when frequency augmented from 100 kHz to 10 MHz for the case of a 2 mm thin fat layer, while it increased from 57.77 to 63.19ºC for the same frequency augmentation in the presence of a 5 mm thick fat layer. Unfortunately, this increase in T max did not involve a significant increase in lesion depth. For instance, the percentage of ablated atrial wall increased from 39.20% to 48.77% when frequency increased from 100 kHz to 10 MHz (with 2 mm of fat). With thicker epicardial fat layers (4-5 mm), ablation of the atrial wall was not possible. In fact, at a constant voltage, increasing fat thickness involved a decrease in T max and in the depth of the lesion in the atrial wall (see Fig. 3A ). In the simulations using constant temperature (see Table 3 ), the results show that increasing frequency hardly involves any variation in either lesion depth in the atrial wall or T max . In fact, the tiny differences reported in Table 3 were probably due to the trial-and-error method employed to simulate the constant temperature protocol of 70±2ºC at the electrode tip. Fig. (3B) shows (for 100 kHz) that even though fat thickness is increased, the temperature distribution remains unaltered, and hence the percentage of ablated atrial tissue is lower for thicker fat layers. Finally, the constant current ablation showed that changing frequency did not affect T max (see Table 4 ). However, a very interesting thermal performance was observed regarding the variation of fat thickness: augmenting fat thickness was directly related to an increase of T max from 70 to 82ºC (see Fig. 3C ). On the other hand, lesion depth in the atrial wall was greater for thinner fat layers. 
Ablation with Cooled Electrode
The results of the simulations using a cooled electrode are shown in Table 5 . With this type of electrode and a 2 mm fat layer, augmenting frequency from 100 kHz to 10 MHz involved a significant increase in the depth of the lesion in the atrial wall, from 30.17% to 47.10%, and a moderate increase of T max (from 68.88 to 75.88ºC). Regarding the thermal behavior and thickness of the fat layer, the results were similar to those found for the dry electrode with constant voltage: both T max and depth lesion decreased as fat thickness increased (Fig. 4) . Fig. (5) shows the results of computer simulations for the cases of fat thickness of 2 and 3 mm (atrial lesions were only observed in these cases and hence are used for comparison). The effect of frequency on atrial lesion depth was more marked in the cooled than dry electrodes (especially for thin fat layers of 2 mm). This effect was less marked at constant voltage. When temperature and current were constant, performance was less predictable (especially when we compared the cases 2 and 3 mm fat thickness). The effect of frequency on T max was only noticeable in the case of constant voltage. In the other ablation modes and with a cooled electrode, T max kept relatively constant with changes in frequency.
Comparison Between Ablation Techniques
DISCUSSION
The computer simulations in general showed the difficulty of ablating thick fat layers, as has been previously reported for the case of constant voltage [8] . In this study we assessed other modes of delivering RF power (constant temperature and current), along with the performance of a cooled electrode, and the effect of changing frequency.
The effect of frequency on T max and lesion depth in the case of constant voltage can be easily explained. Raising the Fig. (4) . Temperature distributions at 60 s for RF ablation using a cooled electrode (38 V) and for four values of epicardial fat thickness (2, 3, 4 and 5 mm). All the plots belong to the 100 kHz frequency case.
frequency involves an increase in electrical conductivity ( ) of the atrial tissue (from 0.21 to 0.6 S/m), which means that more current will be delivered, and hence more power will be applied. Moreover, since the of the fat remains almost unaffected when frequency rises, this explains why the effect is more marked with thinner fat layers. Our results do not demonstrate that it is impossible to ablate atrial wall with constant voltage for fat layers over 4 mm. In fact, as shown in Table 2 , the application of 30 V for the case of a 5 mm fat layer and 10 MHz, only involves a T max of 63.19ºC, which means that higher voltage could be applied in order to increase lesion depth. As a consequence, and as is already known, each combination of electrode design and tissue characteristics determines the optimum combination of voltage and duration to enlarge the lesion without reaching 100ºC. Our results with constant voltage therefore only show the trend of T max and lesion depth when frequency is raised for different fat thicknesses. This trend can be summarized as follows: 1) Increasing fat thickness implies a decrease in T max and also in the depth of the lesion in the atrial wall, and 2) Increasing frequency involves higher T max and deeper lesions in the atrial wall, and additionally this increase is more noticeable when the atrial wall is thin. The results suggest that constant voltage is not a safe ablation method on the epicardial fat layer, since fat thickness is generally unknown and it is thus difficult to set a voltage value to achieve a lesion in the atrial wall and at the same time avoid excessive ( 100ºC) temperatures in the fat and atrial wall tissue. In contrast, ablating at a constant temperature provides safer heating, i.e. without excessive temperatures ( 100ºC), regardless of fat thickness. The obvious drawback is that when the fat layer is very thick (4-5 mm) it is nearly impossible to reach the atrial wall (see Fig. 3B ). In the constant current ablation we observed that the value of T max was almost independent of the frequency. This can be explained as follows: on one hand, the electrical conductivity of fat ( FAT ) was not influenced by frequency (see Table 1 ), and on the other hand, electrical power was deposited within a very small zone around the active electrode (corresponding always to fat). Under these circumstances, T max was somehow proportional to
Since both the injected current (I) and contact surface (S) between electrode and tissue were constant, the value of J (=I/S) at the electrode-fat interface was also constant, and this could hence explain this behavior of T max . Additionally, we observed that increasing fat thickness was directly related to an increase of T max (see Fig. 3C ). It seems that the change of the atrial tissue's A (due to the different frequency) does not sufficiently affect the value of the total impedance of the tissue (Z TOTAL ), probably because the current density is low in this zone. However, increasing fat thickness (with A > FAT ) does cause a rise in Z TOTAL , and this implies an increase in the total delivered power (I 2 Z TOTAL ), which could raise the value of T max . This thermal behavior could be employed as a self-controlling procedure to ablate a thick layer of epicardial fat: at the beginning, when the layer is thick the current would create a high temperature which could melt the fat and reduce its thickness. During this process the total applied power would be reduced. A study was also made of the performance of the cooled electrode. In this case, we observed that for 2 mm fat thickness, raising the frequency did involve a considerable increase in the depth of the lesion in the atrial wall. We are of the opinion that this is due to the location of T max being shifted towards deeper points by the cooling effect, i.e. in our case (thin fat layer) towards the atrial tissue, where electrical conductivity increases as frequency is higher. The rise in the electrical conductivity of the atrial tissue implies an increase in the RF deposited power, and hence in T max .
In our study we only considered an electrode size of 4 mm. Despite that it is known that the electrode length affects on the lesion dimensions in RF cardiac ablation, this is particularly true for endocardial approach, where the forced thermal convection caused by cooling blood on the electrode surface has a strong impact in tissue heat removing, and hence on the lesion depth. In contrast, since we modeled an epicardial approach, and under this condition there is not circulating blood around the electrode, we did not consider simulations for other electrode length. Regarding the electrode diameter, we only considered a value of 3 mm, which is about a 7 Fr electrode. We think that the effect of increasing this parameter has different effect depending on the ablation protocol (constant temperature, voltage and current) and on the electrode type (dry vs. cooled), due to the change in diameter implies a change in tissue impedance as well. Likewise, the change in insertion depth also implies a change in the tissue impedance. Additional considering a larger diameter electrode could produce different results quantitatively different to ours (both in lesion dimension and T max ), however, we think that the general conclusions (see below) remain unaltered. Likewise, other factors, such as the angle between tissue surface and electrode axis, and the convective cooling coefficient at endocardium-blood interface, could showed different results, but they were not considered in our study since that they have been previously characterized [8, 31] .
Since that our results suggest that RF ablation is clearly disadvantageous to ablate cardiac tissue in the presence of epicardial fat layer, other ablation modalities such as High Intensity Focused Ultrasound (HIFU), microwave or cryoablation, could be potentially more useful. In this respect, the lower value of attenuation of fat ( 6 dB/m MHz) versus cardiac tissue (35-70 dB/m MHz) could be useful, along with the capability of microwave power of reaching deeper tissue sites. In contrast, the lower value of thermal conductivity of fat (0.2 W/m K) versus cardiac tissue (0.7 W/m K) does not suggest an advantage of thermal therapies exclusively based on thermal conduction, such as cryoablation.
CONCLUSIONS
1)
The effect of increasing frequency on atrial lesion depth was more marked in the case of cooled electrodes than in dry electrodes, especially for thin fat layers (2 mm).
2)
With dry electrodes, increasing frequency had little influence on atrial lesion depth in the case of constant voltage. In the cases of constant temperature and current, the performance was less predictable (especially with thick fat layers).
3)
The effect of frequency on T max was only noticeable in the case of constant voltage. In the other ablation modes with a cooled electrode T max stayed relatively constant when frequency was altered.
4)
In general, our computer results suggest that RF ablation of the atrial wall with overlying epicardial fat is difficult due to the marked difference in electrical conductivity between fat (0.025 S/m) and muscle ( 0.4 S/m). The epicardial fat layer seriously impedes the passage of RF current, thus reducing the effectiveness of atrial wall ablation.
